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Abstract
The temperature dependent crystal structure analysis in martensitic phase of Ni2Mn1+xSn1−x (x
= 0.40 and 0.44) magnetic shape memory alloy is performed using X-ray diffraction. The marten-
sitic phase consists of 4-Layered and 14-Layered orthorhombic structure. The phase fraction of
4-layered and 14-layered orthorhombic structure change with temperature. Interestingly, the mag-
netic property also changes with temperature and corresponds to structural change temperature.
Thus, the exchange coupling constant between original Mn and substituted Mn is calculated, which
shows that the 4-layered and 14-layered orthorhombic structures have different strength of antifer-
romagnetic coupling. The analysis explain the origin of spin glass behavior and unusual exchange
bias effect in these systems under zero-field-cooling.
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I. INTRODUCTION
The new class of off-stoichiometric magnetic shape memory alloys (MSMA) that exhibit
shift of martensitic transition to lower temperature with applied magnetic field has gained
adequate scientific attention due to shift induced attractive properties like giant magne-
tocaloric effects1, giant magneto-resistance2, magnetic shape memory effects3 and exchange
bias effects4. These fascinating properties make the alloys a potential candidate for applica-
tions in solid-state magnetic refrigeration1, magnetic actuators5,6 and magnetic sensors6 etc.
This class of material are very important for replacing present way of cooling with hazardous
gases. These MSMA exhibit giant magnetocaloric effect, also, with applied pressure that
are comparable to reported present material for solid-state refrigeration7. Moreover, these
alloys offer cost effective technology.
Since the pioneering work on exchange bias (EB) by Meikleohn and Bean in 19568, this
phenomenon has been explored extensively due to its various applications in spintronics,
magnetic recording and sensors devices6,9–12. It was usually observed in materials with
interface between different magnetic phases such as ferromagnetic (FM)-antiferromagnetic
(AFM), FM-spin glass (SG), AFM-ferrimagnetic (FI), and FM-FI phases8,13–16 during cool-
ing with magnetic field to the low temperatures. The conventional EB effect is ascribed
to FM unidirectional anisotropy formed at the interface between different magnetic phases
in the process of field cooling (FC) from higher temperature. Interestingly, an unusual EB
effect under zero-field-cooling (ZFC) has been obtained in many off-stoichiometric Ni-Mn-Z
(Z = Sb, Sn and In) Heusler alloys4,17–22. The Wang et. al.4,22 observed a large EB effect
in Ni-Mn-Z (Z = In and Sn) alloys after zero-field cooling (ZFC) from an unmagnetized
state. The occurrence of EB effect in ZFC state is attributed to the superferromagnetic
(SFM) unidirectional anisotropy below the blocking temperature (TB) at low temperature.
This is similar to FM-AFM interface with unidirectional FM spins formed after FC in the
conventional EB effect. According to Wang et. al.22 probable origin is purely magnetic
and does not originate from structural modifications in martensitic phase. On the other
hand, Sharma et. al.23 related the Mn-Mn distance with the complex magnetic state in
martensitic phase at low temperatures due to co-existence of FM and AFM exchange in-
teractions that lead to magnetic frustration. These conflicting opinions require a detailed
insight into the crystal structure of Ni-Mn-Sn Heusler alloys and careful analysis to check the
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relation between crystal structure and magnetic behavior. In Ni-Mn-Sn martensitic phase
FM and AFM magnetic phases co-exist. The AFM coupling occurs between Mn at original
site (Mn1) and Mn at Sn site (Mn2)24–27. This occurs due to the decrease in Mn-Mn bond
length. Thus, crystal structure change in martensitic phase might play an important role in
producing unusual exchange bias effect under ZFC.
In this manuscript, the crystal structure as a function of temperature for Ni2Mn1+xSn1−x
(x = 0.40 and 0.44) alloys are investigated till 10 K under ZFC condition. In the martensitic
phase the co-existence of 4-layered (4L) and 14-layered (14L) orthorhombic crystal structure
is revealed. Interestingly, the phase fraction of 4L and 14L crystal structures changes with
temperature. The changes occur at temperatures where magnetic transitions also occur.
This implies that there is a possible relation between crystal structure and magnetic behav-
ior. In order to establish the relation, the magnetic ground state of 4L and 14L structures,
via the magnetic exchange parameter (J) calculation, between first nearest neighbour Mn1-
Mn2 are performed. The calculation reveals the AFM exchange interaction with different
strength of AFM coupling for 4L and 14L orthorhombic crystal structure. Important to
note that not only FM-AFM domains co-exists, but also different strength of AFM coupling
exists. Thus, frustrated state of martensitic phase arises that causes spin-glass-like behavior
of Ni2Mn1+xSn1−x (x = 0.40 and 0.44) and leads to exchange bias phenomena even under
ZFC. Thus, crystal structure of martensitic phase effects the magnetic behavior of Ni-Mn-Sn
magnetic shape memory alloys.
II. EXPERIMENTAL AND THEORETICAL METHOD
The polycrystalline ingots of Ni2Mn1+xSn1−x (x = 0.40 and 0.44) alloys are prepared
by arc melting appropriate amount of high purity (≥ 99.99 %) constituent elements under
argon atmosphere and were annealed at 1173 K (24 h) with subsequent quenching to ice
water. The alloys are characterized as mentioned in Ref. 2. The structural and magnetic
transition temperatures are determined by differential scanning calorimetry (DSC) measure-
ments (fig. 1). The values of the transition temperatures are tabulated in Table I. Below
room temperature, x = 0.40 and 0.44 transform from ferromagnetic austenitic phase (AP)
to mixed magnetic martensitic phase (MP) where co-existence of FM and AFM coupling
is reported24–27. In these systems the Mn2 are antiferromagnetically coupled to Ni and
3
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FIG. 1. Exothermic and endothermic behavior of Ni2Mn1+xSn1−x (0.40 and 0.44) using differential
scanning caloriemetry during cooling and heating, respectively.
TABLE I. The structural and magnetic transition temperatures of x = 0.40 and 0.44, obtained
from DSC and magnetization. The maximum error is ±10 K.2
Composition Ms Mf As Af T
M
c T
A
c TB
(x) (K) (K) (K) (K) (K) (K) (K)
0.40 189 159 173 208 - 326 70
0.44 260 229 245 275 - 323 80
Mn124–27, whereas Mn1 is ferromagnetically coupled to Ni. The temperature dependent X-
ray diffraction (XRD) measurements are performed using synchrotron radiation of energy
18 KeV from room temperature to 10 K at Indian Beam line, Photon factory, KEK, Japan.
The magnetic exchange parameter between first nearest neighbour Mn1-Mn2 of 16 atom
unit cell of x = 0.50 is calculated using experimentally obtained lattice parameters at differ-
ent temperatures of x = 0.44 on the basis of the idea of ising model where the energy of any
spin system can be described by E = −
∑
i 6=j
JijSiSj . The theoretically adopted composition
x = 0.50, close to x = 0.44, shows martensitic transformation in 16 atom unit cell struc-
ture. The nature of transformation in x = 0.50 is similar to x = 0.44. So, the behaviour
of exchange parameter of x = 0.50 can be attributed to the nature of magnetic exchange in
x = 0.44. The ab initio calculations are performed using the PAW method as implemented
in the VASP28 code within GGA for the exchange correlation functional. Monkhorst-Pack
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k-points mesh of 10 × 10 × 10 was used for calculation.
III. RESULTS AND DISCUSSION
The temperature dependent crystal structure with fitting for x = 0.40 and 0.44 are
shown in fig. 2. The LeBail fitting is employed to extract out the contributing phase
information and corresponding lattice parameters. It is noteworthy that MP has two co-
existing orthorhombic structures, namely, 4-layered (4L) and 14-layered (14L) with space
group Pmma. The AP has L21 cubic structure
2. The mixture of two structures in MP
is, also, found in other Heusler alloys29–31. The transformation from L21 cubic to 4L
and 14L takes place by contraction along c-axis and elongation along b-axis according
to Bain transformation. relation: aortho ≈ acubic, bortho ≈
2√
2
bcubic, cortho ≈
1√
2
ccubic and
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FIG. 2. Temperature variation of X-ray diffraction indexed by co-existing 4-layered and 14-layered
orthorhombic crystal structure of x = 0.40 and 0.44.
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TABLE II. Lattice parameters and Volume of smallest unit cell of different structural phases after
Bain transformation at various temperatures for x = 0.40 and 0.44 compositions.
Compo- Tempe- Struc- Lattice Mn1-Mn2
sition -rature -tural parameter (A˚) bond length (A˚)
(x) (K) phase
0.40
300 L21 a ≈ 5.99 3.00
200 4L a ≈ 5.66, b ≈ 8.68, c ≈ 4.37 2.92
170 4L a ≈ 5.77, b ≈ 8.71, c ≈ 4.30 2.88
14L a ≈ 5.57, b ≈ 27.49, c ≈ 4.34 2.79
100 4L a ≈ 5.64, b ≈ 8.63, c ≈ 4.38 2.82
14L a ≈ 5.60, b ≈ 26.95, c ≈ 4.32 2.80
10 4L a ≈ 5.65, b ≈ 8.64, c ≈ 4.38 2.82
14L a ≈ 5.59, b ≈ 26.99, c ≈ 4.37 2.79
0.44
300 L21 a ≈ 5.98 2.99
265 4L a ∼ 5.95, b ∼ 8.60, c ∼ 4.32 2.98
245 4L a ≈ 5.65, b ≈ 8.65, c ≈ 4.40 2.82
14L a ≈ 5.59, b ≈ 28.15, c ≈ 4.40 2.79
150 4L a ≈ 5.65, b ≈ 8.64, c ≈ 4.39 2.82
14L a ≈ 5.59, b ≈ 28.59, c ≈ 4.40 2.80
10 4L a ≈ 5.61, b ≈ 8.64, c ≈ 4.39 2.81
14L a ≈ 5.58, b ≈ 28.55, c ≈ 4.41 2.79
aortho ≈ acubic, bortho ≈
7√
2
bcubic, cortho ≈
1√
2
ccubic, respectively. The lattice parameters for
all the compositions and temperatures are summarized in Table II. The contraction also
along a-axis is observed in MP. The contraction in a-axis of 14L structure might be because
transformation happens through 4L structure. The L21 structure initially transforms to 4L
and then part of 4L transforms to 14L. The a-axis contraction of 4L structure is observed,
mainly, when 4L and 14L structure co-exist. The intermartensitic transition is reported
earlier for Ni-Mn-Ga, Ni-Mn-Fe-Ga, Ni-Mn-In and Ni-Fe-Ga32–37. The stability of the MP
is achieved by transition to either 14M or non-modulated structure mainly through 10M
structure. For present Ni-Mn-Sn alloys the martensitic transition to 14L structure is hap-
pening through 4L structure. For Ni2Mn1.44Sn0.56 the transition from L21 to 4L is reported
earlier27. The broad line-shape of exothermic and endothermic peaks (fig. 1) also imply
existence of intermartensitic transition38.
Evaluating the lattice parameters carefully, the percentage of phase fractions at various
temperatures are obtained based on the ratio of integrated peak areas of individual 4L
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and 14L calculated intensity pattern and total calculated pattern. Interestingly, the phase
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FIG. 3. (a) 4-layered and 14-layered structural phase fraction variation and (b) zero-field-cooled
thermo-susceptibility variation in martensitic transition region, martensitic phase, and below TB
region of x = 0.40.
fraction of co-existing 4L and 14L structure varies as a function of temperature. The fig. 3
(a) shows the phase fraction percentage of L21, 4L and 14L as a function of temperature for x
= 0.40. Upon martensitic transition, initially, cubic L21 structure transforms to 4L structure.
In between martensitic start (Ms) and martensitic finish (Mf ) temperature range the 14L
structure evolves at the cost of 4L structure. Between Mf and spin freezing temperature
TB (referred as Tf in Ref. 39) the phase fraction is almost constant. Noteworthy that with
further lowering of the temperature, the 4L phase fraction increases and 14L phase fraction
decreases. The phase fraction of 4L and 14L is around 50 % at 10 K.
The formation energy per unit cell of 4L and 14L structures is calculated using experi-
mental lattice constants of 14L and 4L structures at 150 K and 190 K, respectively, by ab
initio density functional theory. The formation energy per unit cell of 4L (-1.040315 eV)
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FIG. 4. (a) 4-layered and 14-layered structural phase fraction variation and (b) zero-field-cooled
thermo-susceptibility variation in martensitic transition region, martensitic phase, and below TB
region of x = 0.44.
and 14L (-1.023121 eV) are very close to each other. Nevertheless, 4L requires less formation
energy than 14L. Thus, initially, the martensitic transformation from parent phase to 4L
structure occurs. To accommodate the stress accumulation by 4L structure, the transition
to stacking sequence 14L occurs. This internal stress-related selectivity of intermartensitic
transformation is also found in other systems like Ni-Mn-Ga, Ni-Mn-Fe-Ga, Ni-Mn-In, Ni-
Fe-Ga etc.32–37. Since 4L is more favorable structure because it requires less formation energy
than 14L, the 80% phase fraction of 14L induces instability in the MP. Hence, to minimize
the free energy of the system, the phase fraction of 4L structure increases once more.
It is very important to note that the change in phase fraction of 4L and 14L occurs at the
temperatures where magnetic phase change also occurs. The thermo-susceptibility behavior
in zero field cooling (ZFC) for x = 0.40 is shown in fig. 3 (b). The lowering of susceptibility
between Ms-Mf indicates that the 14L structure possibly strengthens the AFM exchange
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interaction. The structural phase fraction is almost constant below Mf . Interestingly, below
Mf temperature the susceptibility, also, is almost constant. Around TB susceptibility drops
again and 4L phase increases. So, the decrease in magnetization at TB may have structural
correspondence. The changes of structural phase fractions of 4L and 14L and susceptibility
at different temperatures for x = 0.44, shown in fig. 4 (a) and (b) respectively. They are
very much similar to x = 0.40.
In Ni-Mn-Sn off-stoichiometric alloys the bond distance between Mn1 and Mn2 gives rise
to the antiferromagnetism1,24. Thus, the bond distance between Mn1-Mn2 is deduced from
the structural analysis as mentioned in Table II. The exchange integral between Mn1-Mn2
(JMn1−Mn2) is calculated as a function of temperature (fig. 5). The calculation shows that
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FIG. 5. Calculated magnetic exchange coupling constant (J) between first nearest neighbours
Mn1-Mn2 of x = 0.50 using experimentally obtained lattice parameters of x = 0.44.
AFM exchange interaction exists between Mn1-Mn2 in both 4L and 14L structures. Also,
the AFM exchange interaction is stronger in 14L than 4L. This is also visible from the Mn1-
Mn2 bond distances in Table II. The 4L and 14L has bond distances less than 3 A˚ implying
AFM interaction. Also, the Mn1-Mn2 bond distance of 14L is less than that of 4L. Thus,
the AFM interaction in 14L is expected to be stronger than that in 4L. Thus, presence of
two structural phases with different strength of AFM exchange interaction alongwith FM
interaction gives rise to magnetically inhomogeneous phase. Moreover, it is known that the
low temperature phase consists of various martensitic variants oriented in different directions
derived from high symmetry cubic phase40. The variants of orthorhombic 4L and 14L evolves
randomly oriented. Thus, the average spin of the variants are also randomly oriented. With
almost equal phase fraction of 4L and 14L, random orientation of their variants and spin,
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co-existence of FM and short-range AFM coupling, and different strength of AFM coupling
might pin the FM moments by exchange bias to AFM spin moments. A diffuse AFM phase
starts to develop below Ms and becomes strong enough below TB (or Tf ) to cause the spin
freezing39. Thus, the re-entrant spin-glass like magnetic phase of Ni-Mn-Sn is obtained as
reported in Ref. 39.
IV. CONCLUSION
In the martensitic phase the co-existence of two crystal structures, change in crystal
structure phase fraction with magnetic transition, co-existence of ferromagnetic and anti-
ferromagnetic magnetic domains, and different strength of AFM coupling gives rise to struc-
turally and magnetically frustrated martensitic phase that causes spin-glass-like behavior of
Ni2Mn1+xSn1−x (x = 0.40 and 0.44) and lead to exchange bias phenomena under ZFC. Thus,
the ZFC exchange bias in Ni-Mn-Sn alloys is related to the crystal structure of martensite.
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